ABSTRACT: Cross-linked polymer dots with intense and narrow yellow emission were designed using boron-dipyrromethene (BODIPY) polymer as the acceptor and poly[9,9-dioctylfluorenyl-2,7-diyl-co-1,4-benzo-{2,1′-3}-thiadiazole] (PFBT) polymer as the donor. The emission fwhm's of the polymer dots (Pdots) were 37 nm. CL-BODIPY 565 Pdots were about 5 times brighter than commercial quantum dots (Qdots) 565 under identical experimental conditions. Specific cellular targeting indicated that the small, bright, and narrow emissive CL-BODIPY 565 Pdots are promising probes for biological applications. However, many scientific issues still await further investigation for Pdots to be used in biological applications. Research on smaller, brighter, and narrower emissive Pdots in the visible and near-infrared (NIR) region remain a challenge. Multicolor imaging is a powerful approach to study dynamic processes at cellular and subcellular levels. Though we have successfully developed green, orange, deep red, and NIR Pdots with narrow emission for bioimaging, 23, 25 there is a need to develop Pdots with other colors. Yellow Pdots, in particular, are needed to fill up the spectral gap between the green and orange Pdots.
O ver the past two decades, semiconducting polymers have been the subject of great research interest because of their uses in a wide range of optoelectronic applications, such as polymer light emitting diodes (PLEDs), 1 nonlinear optical materials (NLO), 2 field effect transistors, 3 sensors, 4 information storage, 5 electrochromic devices, 6 and solar cells. 7 Recently, research into semiconducting polymers as probes and biosensors has emerged as a new area of investigation because of their outstanding fluorescence characteristics. 8 Semiconducting polymer dots (Pdots) with their high brightness and high photostability have attracted considerable attention. Besides green fluorescent proteins (GFPs), 9 ,10 quantum dots (Qdots), 11, 12 carbon nanodots (Cdots), 13 nanodiamonds, 14 and fluorescent dyes, Pdots are one of the more promising nanosized probes that have practical applications in biomedical research. 15 Pdots have been demonstrated in a number of applications, such as fluorescence bioimaging and biosensing. 16 Pdots can form ultrabright probes 17−19 and can be conjugated to biological molecules, 20 directly functionalized, 21, 22 and made to have narrow emission spectra. 23−25 However, many scientific issues still await further investigation for Pdots to be used in biological applications. Research on smaller, brighter, and narrower emissive Pdots in the visible and near-infrared (NIR) region remain a challenge. Multicolor imaging is a powerful approach to study dynamic processes at cellular and subcellular levels. Though we have successfully developed green, orange, deep red, and NIR Pdots with narrow emission for bioimaging, 23, 25 there is a need to develop Pdots with other colors. Yellow Pdots, in particular, are needed to fill up the spectral gap between the green and orange Pdots.
We have designed new yellow Pdots that consist of donor and acceptor semiconducting polymers that are cross-linked to an amphiphilic functional polymer. A narrow emissive fluorescent dye, boron-dipyrromethene (BODIPY), was copolymerized into the acceptor semiconducting polymer, while poly[9,9-dioctylfluorenyl-2,7-diyl-co-1,4-benzo-{2,1′-3}-thiadiazole] (PFBT) was used as the donor molecule in the donor semiconducting polymer. The emission spectrum of the donor overlapped well with the absorption of the acceptor to enable efficient Forster resonant energy transfer (FRET) between them. We then developed a cross-linking strategy to covalently bind these fluorescent semiconducting polymers together with the amphiphilic functional polymer, poly(styreneco-maleic anhydride) (PSMA, with a Mw as 8000). This step generated cross-linked polymers with the donor and the acceptor semiconducting polymers. These polymers were then nanoprecipitated to form small and stable Pdots. The Pdots had high fluorescence brightness and narrow emission by the FRET mechanism (Scheme 1). Finally, we performed biomolecular conjugation and successfully used those bioconjugated Pdots for fluorescence bioimaging and flow cytometry.
On the basis of the cross-linking strategy, we first synthesized the PFBT polymer with a 4% molar ratio of the amino functional group as the donor polymer (PF46BT-4NH2, Scheme S2, Supporting Information (SI)). Pdots made from PFBT have been widely studied because of their high absorption cross-section, single-particle brightness, and excellent photostability. PFBT also has an absorption peak of 450−460 nm, which is very close to the 488 nm excitation wavelength laser generally used in biological applications.
We then designed a new BODIPY semiconducting polymer as the acceptor polymer by modifying the structure of the BODIPY core (monomer 1, Scheme S1, SI) to tune its color so that its absorption spectrum has a good overlap with the donor polymer emission. The absorption spectrum of the BODIPYmonomer 1 (peaks at 546 nm) had good overlap with the PFBT emission (peaks at ∼540 nm) ( Figure S1 , SI), which increased the FRET efficiency to obtain bright, fluorescent Pdots. Finally, we copolymerized 5% molar ratio of monomer 1 with the fluorene monomer and 4% molar ratio of the aminofunctional group to obtain the acceptor polymer (PF5BODI-PY565-4NH2, Scheme S1, SI).
To determine the optimal ratio between the donor polymer (PF46BT-4NH2) and the acceptor polymer (PF5BODIPY565-4NH2) to get the highest FRET efficiency, we first blended the donor and acceptor polymers together to form Pdots with different ratios of the donor and acceptor polymers before we carried out the covalent cross-linking of the semiconducting polymers. Because the donor and acceptor polymers were closely packed into single Pdots, efficient FRET resulted in the complete quenching of the PFBT donor and intense fluorescence from the acceptor polymer ( Figure S2, SI) . The optimal ratio of 0.54 (weight ratio between PF5BODIPY565-4NH2 and PF46BT-4NH2) was determined for the blended Pdots, which exhibited an efficient yellow emission peak at 564 nm and a high fluorescence quantum yield of 0.32 ( Figure S2b , SI). Once we obtained the optimal donor-to-acceptor ratio, we ran the cross-linking reaction to chemically bond the donor and acceptor polymer together via condensation reaction between amino and maleic anhydride groups. The cross-linked BODIPY 565 Pdots (CL-BODIPY 565 Pdots) showed narrow emission centered at 564 nm with a fwhm as narrow as 37 nm ( Figure  1a) . To the best of our knowledge, this is the narrowest emission bandwidth reported so far for any type of Pdot.
To evaluate its photophysical properties, CL-BODIPY 565 Pdots were prepared by the nanoprecipitation method with an average particle size of 12 nm, as characterized by dynamic light scattering (DLS) and transmission electron microscopy (TEM) (Figure 1b and 1c) . For comparison, commercially available Qdots 565 (Invitrogen, Eugene, OR, USA) were dispersed in Milli-Q water and measured to have a comparable particle size of ∼13 nm (measured by DLS in the same conditions). As expected, unlike the larger particle size of Pdots we reported previously (∼18 nm, the average hydrodynamic diameter prepared under comparable conditions), 23 CL-BODIPY 565 Pdots exhibit a significantly smaller particle size and a narrower size distribution. This can be attibuted to the amphiphilic polymer PSMA (Mw = 8000), which acted as a successful cross-linker to connect the donor and acceptor polymers tightly during the Pdot formation.
CL-BODIPY 565 Pdots exhibited remarkable photostability as seen with the PFBT Pdots under identical conditions (measured on the fluorimeter equipped with 450 W xenon lamp, and the excitation wavelength was centered at 488 nm). The photobleaching process was carried out over 1.5 h, which did not result in an observable decrease in the fluorescence intensity of CL-BODIPY 565 Pdots (Figure 1d ). In contrast, Qdots 565 exhibited an obvious single-exponential photobleaching decay. The comparable high photostability of CL-BODIPY 565 Pdots can be attributed to the incorporation of the PFBT donor polymer into the CL-BODIPY 565 Pdots since our previous results have proved that PFBT is a photostable polymer. 20,23,26−28 To evaluate the performance of the CL-BODIPY 565 Pdots for biological applications, we used them to label breast cancer MCF-7 cells and analyze these Pdot-labeled cells by flow cytometry and cellular imaging. CL-BODIPY 565 Pdots were conjugated with streptavidin via the 1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide hydrochloride (EDC) catalyzed coupling reaction. These Pdot bioconjugates were used to label MCF-7 cells which were first incubated with biotinylated anti-EpCAM antibodies (Figure 2 ). There was excellent separation between cells labeled with Pdot-streptavidin and cells that were incubated with Pdot-streptavidin bioconjugates but in the absence of the biotinylated primary antibody. MCF-7 cells labeled with CL-BODIPY 565 Pdotstreptavidin bioconjugates (CL-BODIPY 565 Pdot-SA) exhibited approximately 5 times higher intensity than those labeled with Qdot 565-streptavidin bioconjugates under identical experimental conditions. The specific cellular labeling of the CL-BODIPY 565 Pdot-SA probes was further confirmed by confocal fluorescence imaging (Figure 3) . CL-BODIPY 565 Pdot-SA probes were effectively labeled with biotin antiEpCAM receptors on the MCF-7 cell surface; however, fluorescence was not detected in the negative control experiment which was carried out in the absence of the biotinylated primary antibody. Therefore, the result proved that CL-BODIPY 565 Pdot-SA could be used as probes for specific cellular labeling without nonspecific binding. In summary, we have successfully designed and prepared a new type of yellow CL-BODIPY 565 Pdots by cross-linking the donor and the acceptor polymers. The cross-linked Pdots had a small size, high brightness, and good photostability. In addition, CL-BODIPY 565 Pdots had a narrow emission spectrum with a fwhm of 37 nm. CL-BODIPY 565 Pdots also were about 5 times brighter than commercial Qdots 565 under identical experimental conditions. The CL-BODIPY 565 Pdots were successfully bioconjugated with streptavidin. CL-BODIPY 565 Pdot-SA specfically labeled MCF-7 breast cancer cells, as seen in the flow cytometry and bioimaging experiments. The data demonstrate that the new yellow Pdots are prospective candidates in the Pdots series as useful bright fluorescent biological probes.
